Mass spectrometry imaging (MSI) was used to elucidate host lipids involved in the inflammatory signaling pathway generated at the host-pathogen interface during a septic bacterial infection. Using Francisella novicida as a model organism, a bacterial lipid virulence factor (endotoxin) was imaged and identified along with host phospholipids involved in the splenic response in murine tissues. Here, we demonstrate detection and distribution of endotoxin in a lethal murine F. novicida infection model, in addition to determining the temporally and spatially resolved innate lipid inflammatory response in both 2D and 3D renderings using MSI. Further, we show that the cyclooxygenase-2-dependent lipid inflammatory pathway is responsible for lethality in F. novicida infection due to overproduction of proinflammatory effectors including prostaglandin E2. The results of this study emphasize that spatial determination of the host lipid components of the immune response is crucial to identifying novel strategies to effectively address highly pathogenic and lethal infections stemming from bacterial, fungal, and viral origins.
Mass spectrometry imaging (MSI) was used to elucidate host lipids involved in the inflammatory signaling pathway generated at the host-pathogen interface during a septic bacterial infection. Using Francisella novicida as a model organism, a bacterial lipid virulence factor (endotoxin) was imaged and identified along with host phospholipids involved in the splenic response in murine tissues. Here, we demonstrate detection and distribution of endotoxin in a lethal murine F. novicida infection model, in addition to determining the temporally and spatially resolved innate lipid inflammatory response in both 2D and 3D renderings using MSI. Further, we show that the cyclooxygenase-2-dependent lipid inflammatory pathway is responsible for lethality in F. novicida infection due to overproduction of proinflammatory effectors including prostaglandin E2. The results of this study emphasize that spatial determination of the host lipid components of the immune response is crucial to identifying novel strategies to effectively address highly pathogenic and lethal infections stemming from bacterial, fungal, and viral origins.
host-pathogen interaction | lipid inflammation | cyclooxygenase pathway | mass spectrometry imaging | microbial pathogenesis L ipopolysaccharide (LPS) is a characteristic component of Gram-negative bacteria forming the majority of the outer leaflet of the outer membrane (1) . Lipid A (endotoxin) is the lipophilic membrane anchor of LPS and when modified by addition of core and O-antigen to the diglucosamine backbone of lipid A forms full-length LPS (2) . Endotoxin is the canonical ligand for Toll-like receptor 4 (TLR4) (3, 4) and endotoxin-like lipids are absent from the eukaryotic lipid repertoire. Individual bacterial lipid A structures are unique (5-7), although modifiable during growth (8, 9) to accommodate the diverse conditions encountered (10) during transmission from the environment to a warm-blooded host. Unlike the highly stimulatory endotoxin derived from enteric bacteria (10, 11) , lipid A derived from Francisella species does not stimulate the canonical endotoxin pattern recognition receptor TLR4 (12) and is an important virulence factor. Mapping of the protein-based virulence determinant, Burkholderia mallei GroEL was recently demonstrated (13) using mass spectrometry imaging (MSI), highlighting the growing application of MSI to problems in microbial pathogenesis. Notably, direct mapping of an unlabeled, bacteria-borne lipid virulence factor within infected tissue has not yet been demonstrated.
MSI is a molecular imaging technique with rapidly expanding applications (14) (15) (16) . MSI enables spatial resolution, or mapping of molecules within tissue by mass without the requirements for species-specific reagents, labels, or tags, and other indirect or direct tools typically associated with histological techniques. With respect to molecular origin (microbial, vector, host), MSI is also an unbiased discovery and validation tool because the output is observed exclusively as a mass/charge (m/z) ratio. Ignorance of species origin makes MSI an ideal tool for studying complex interactions in multispecies systems, such as host-pathogen (17) and vector-pathogen models. Matrix-assisted laser desorption/ionization (MALDI) is the most commonly used ionization method for MSI (18) , although other ionization methods [such as desorption electrospray ionization (DESI) and liquid extraction surface analysis (LESA), and others] are also employed. MSI has been used in a wide array of applications ranging from fingerprint analysis to mapping drug distribution in tissue. MSI studies of cancer biology for biomarker discovery, therapeutic target identification, and fundamental pathology hold particular promise. In contrast, comparatively few systematic studies have leveraged MSI to describe the host-microbe relationship (19, 20) .
MSI is well suited to mapping lipids (16, 21) and related metabolites (22) , among many other classes of molecular targets. We have previously demonstrated methods to detect host and pathogen phospholipids (PLs) within mouse spleen (23) infected with the model organism Francisella novicida (F. novicida) alongside lowabundance detection of F. novicida lipid A extracted from infected tissues. The membrane of F. novicida contains both LPS and free lipid A, lacking core and O-antigen (24) . F. novicida lipid A is readily soluble in solvent systems used for phospholipids, allowing direct detection of lipid A using MSI, free of radioactive labels, antibodies, or tags. In addition to targeted F. novicida lipid A mapping, the MSI datasets would also include the untargeted spectral information for both host and pathogen lipids.
Evasion of the host innate immune system is one of the defining characteristics of a Francisella infection (25, 26) . As a primary host evasion mechanism, Francisella goes undetected by TLR4 due to a combination of hypoacylation and acyl elongation of Francisella lipid A (12, 27) . Secondary manipulations of the host response include ubiquitin-mediated degradation of MHCII, blocking of naïve T-cell maturation, and regulation of Significance This work used mass spectrometry imaging to visualize a key bacterial virulence factor, lipid A within tissues infected by Francisella novicida, a model organism for Francisella tularensis ssp. tularensis, the causative agent of tularemia. Lipid components of the host were mapped using the same technique, leading to identification of a lethal role for host lipid metabolism in Francisella infection. Combined with profiling of lipid inflammatory mediators, this work defined the dramatic polarity of the cyclooxygenase-2 axis in this infection and overproduction of the proinflammatory product prostaglandin E2. The host-pathogen lipid interface was reconstructed to demonstrate the spatial organization of the host lipid response in the spleen.
lipid-mediated inflammation (26) . These host evasion mechanisms are a function of prostaglandin E2 (PGE 2 ) release following infection in Francisella tularensis holarctica live vaccine strain (LVS) models (26) . PGE 2 is a downstream metabolic product of arachidonic acid (AA) initially in the form of a host membrane phospholipid acyl chain (28) . AA is liberated from the host phospholipid via lipase enzymes and further processed to the potent lipid mediator PGE 2 by a series of subsequent enzymatic conversions dependent on cyclooxygenase-2 (COX-2). LVS-infected macrophages release the lipid mediator PGE 2 , which blocks T cell proliferation, in a manner that uses not only cytosolic phospholipase A2 (cPLA2), but also phospholipase D (PLD) and diacylglycerol lipase (DAGL) (29) (30) (31) . In addition to COX-2-dependent lipid mediators, the lipoxygenase (LOX) pathway is also up-regulated during LVS infection. Although these pathways have been investigated at the transcriptional level in Francisella infection, a thorough analysis of the resulting lipid mediators produced by COX and LOX has not been reported. The role of lipid metabolites in any infection is complex and can result in both pro-and antiinflammatory products (32) , the division of which is largely temporal. The biochemical pathways controlling PGE 2 release in directly infected cells have been well described, but to date, little is known about the systemic effects and dynamics of downstream COX-2 products resulting from Francisella infection. These findings directly couple the host evasion response of Francisella to the tightly regulated metabolism of membrane phospholipids.
Using MSI, we concurrently mapped both bacterial and host lipids and spatially resolved the depletion of AA-bearing phosholipids from the host during progression of a lethal infection in both 2D and 3D images. Further, using quantitative lipidomics, we evaluated the system-level production of lipid metabolites of the COX and LOX axes beyond the transcriptional regulation of the pathway. This work represents the mapping of unlabeled lipid A in tissue with the codetected host phospholipid response resulting in identification of a protective mechanism against lethal Francisella infection.
Results
Francisella Lipid A Accumulates in the Red Pulp. Bacterial and host lipids are readily extracted in similar organic solvent systems (23, 33) used for total lipid isolation (34) . We have previously established methods for observing F. novicida lipid A directly from extracts of infected murine tissues; however, this extract analysis lacked the ability to map the location of pathogen-and host-borne lipids to the infected tissues. To determine the distribution of F. novicida lipid A in an active infection, we adapted our previously reported conditions to visualize F. novicida lipid A on thin tissue sections using MSI. The major host-adapted structure (35) of F. novicida lipid A is detected as a deprotonated negative ion (m/z 1,665, Fig. 1 A and B) by MALDI mass spectrometry. F. novicida lipid A is exclusive to the pathogen and was used as a marker for bacterial location and to determine lipid A abundance within infected tissue using MALDI MSI while simultaneously mapping the host phospholipid response.
Using a lethal murine model for F. tularensis, we detected F. novicida lipid A in the spleen at 36 hours postinfection (h.p.i.) Table S1 ). Thirteen major ions (35) were identified, allowing structural characterization (Fig. 1B) . These results represent the direct in situ observation, mapping, and molecular characterization of a bacterial lipid A using an MSI approach, suggesting MS-coupled methods can be developed for early detection and mapping of sepsis without the requirement for molecular tags, specific detection reagents, or other indirect methods (37, 38) .
Visualization of Splenic Lipid Inflammation. We next sought to spatially resolve alterations in the host lipidome following progression to lethal sepsis resulting from F. novicida infection and evaluate their contribution to pathogenesis. Using MSI, we mapped splenic lipids across the infection time course (Fig. 2 and SI Appendix, Fig. S5 B-G) .
This analysis revealed a high abundance ion (m/z 885.6), increasing through 36 h.p.i. (Fig. 2A) , in the white pulp of naïve spleens. This ion is organized toward the outer regions of the white pulp with several white pulp centers (site of germinal center formation) depleted of signal. At 48 h.p.i., we observed a marked decreased in abundance in the white pulp with nearly complete loss at 60 h.p.i. (Fig. 2A) . On-tissue MALDI-TOF/TOF (SI Appendix, Fig. S6 ) confirmed the identity of this ion to be 1-stearoyl, 2-arachidonyl-phoshphatidylinositol (SAPI) [also phoshphatidylinositol (PI) 18:0/20:4, positions assigned based on relative abundance of fragments]. Using zymosan-stimulated murine peritoneal macrophages, Gil-de-Gómez et al. (39) demonstrated the use of SAPI as a reservoir for AA released from membrane phospholipids for production of eicosanoids, host signaling molecules made by enzymatic processing or oxidation of AA (29, 40) . The progressive loss of SAPI abundance was consistent with the onset of sepsis (Fig. 1) . F. novicida-infected spleens showed destruction of the white pulp at 48 h.p.i. and hemorrhagic necrosis at 60 h.p.i. (SI Appendix, Fig. S7 E and F) , characteristics of rapid progression to severe sepsis, suggesting that SAPI depletion is involved with the process of end-stage sepsis. Average spleen weight peaked at 36 h.p.i. (SI Appendix, Fig. S7H ) and was consistent with cellular migration including polymorphonuclear cells (PMNs), hemosiderin-laden macrophages, and immature lymphoid cells, as well as significant and sustained increases in IL-1β and TNF-α (SI Appendix, Fig. S8 ). To determine whether the loss of SAPI was related to the lethal infected or to the presence of an activated immune response, we used an avirulent mutant of F. novicida. F. novicida ΔlpxD1 is a virulence-attenuated mutant (9) of lipid A biosynthesis; during infection with F. novicida ΔlpxD1, the bacteria disseminate and ultimately elicit a protective immune response. At 48 h.p.i., F. novicida ΔlpxD1 was disseminated to the spleen, but no loss of SAPI signal was observed (SI Appendix, Fig. S9) . A subcutaneous dose of 5 × 10 6 cfu F. novicida ΔlpxD1 in mice loads the spleen between 10 5 and 10 6 cfu through 48 h.p.i., and decreases are observed on day 3 and beyond (9 . Lipid levels were analyzed using one-way ANOVA for injection time points, *P < 0.05, **P < 0.01, ***P < 0.001 (n = 10). Error bars denote SEM. destruction leading to multiorgan dysfunction syndrome and mortality rather than a result of an activated splenic immune response.
Polyunsaturated fatty acids (PUFAs), such as AAs are liberated from the membrane phospholipids of the host cell membrane (29) by phosphoactivated phospholipases, such as cPLA2 (41) and are subsequently converted (42) to potent inflammatory mediators. AA is available to multiple pathways (43) (COX, LOX, cytochrome P450) to yield both proinflammatory and proresolving metabolites (44) ; the fate of free AA in the cytosol depends on the available and phosphoactivated enzyme pool. Components of both the COX (45) and LOX (46) pathways are up-regulated in Francisella infection, although the specific membrane phospholipid source of AA and the activities of the downstream products have not been defined.
To quantify the AA-bearing phospholipids, as well as free AA and relevant downstream metabolites of the COX and LOX pathways, we used a liquid chromatography/mass spectrometry (LC/MS) multiple reaction monitoring approach. This analysis identified a decrease in four AA-containing phospholipids that also showed corresponding loss of abundance in splenic white pulp (SI Appendix, (Fig. 2 B-E) . Both PI 16:0/20:4 and SAPI (PI 18:0/20:4) shared similar distributions (SI Appendix, Fig. S5 B and C) , were depleted in late-stage white pulp, and shared a strong correlation in pixel intensities (value = 0.928, SI Appendix, Fig. S10C ), suggesting these PIs may serve as an AA pool for splenic eicosanoid production and suggest that these decreases in parent phospholipids were due to enzymatic loss of AA secondary to cPLA2 liberation. Quantitation of cPLA2 (cPla2) and COX-2 (Ptgs2) transcripts showed a significant induction by 36 h.p.i. (SI Appendix, Fig. S11 ) with COX-2 induced 10-fold (log2) at 36 and 48 h.p.i. that was sustained throughout the course of infection. To further characterize COX-2 induction, we investigated the eicosanoid amplification mechanism of high-mobility group box-1 (HMGB1) protein synergism (47) with IL-1β, which plays a central role in the regulation of immune and inflammatory responses to infection. Together, HMGB1 and decreased levels of IL-1β result in the production of inflammatory mediators, including IL-6, COX-2, and PGE 2 , and eliciting PGE 2 at levels comparable to high IL-1β alone, and thus may contribute to the sharp induction of COX-2 at 36 h.p.i. (SI Appendix, Fig. S11B ). Splenic IL-1β transcript was induced over 3-fold at 24 h.p.i. (SI Appendix, Fig. S8 ) and HMGB1 protein was present at all early time points (SI Appendix, Fig. S11C ), likely contributing to the upregulation of the COX-2 pathway. The fates of PI, PE, and PA lysolipids were not evaluated, but reports of mammalian membranebound O-acyltransferase (MBOAT) proteins suggest they are subsequently involved in arachidonate recycling (48) by neutrophils.
COX-2 Metabolites Contribute to Lethality in Francisella Infection.
Having identified depletion of four AA-bearing phospholipids, we next determined the extent of PGE 2 induction, as well as production of a variety of other inflammatory lipid mediators derived from AA (SI Appendix, Fig. S12 ) in the F. novicida-infected spleens. In naïve spleens, the initial AA pool was depleted by twothirds at 12 h.p.i. and did not recover to baseline level until 36-48 h.p.i. (Fig. 3A) . These results are in agreement with the depletion timeframe of SAPI (and other AA-bearing phospholipids) observed at 24-48 h.p.i. by extraction/quantitation and 36-60 h.p.i. by MSI, suggesting that SAPI is a major reservoir for early phase donation of AA for lipid inflammation. Pro-and antiinflammatory products of both the COX and LOX pathways were detected by LC/MS analysis. Prostaglandin D2 (PGD 2 , an antiinflammatory product) was initially depleted, but returned to baseline levels at 48 h.p.i. (Fig. 3B) , whereas PGE 2 (a highly proinflammatory product) was first detected at 36 h.p.i. and induced >50-fold by 48 h.p.i. (Fig. 3C) . The LOX-dependent pathway showed a less than fivefold induction of proinflammatory 12(S)-and 15(S)-hydroxyeicosatetraenoic acids (HETEs) and a twofold reduction in the proresolving lipoxygenase A4 (LXA4) (SI Appendix, Fig.  S12 ). These results suggested a central and potent role for COX-2-dependent products in propagating early phase inflammation, as an eicosanoid storm launching rapid lethality in F. novicida infection. We therefore evaluated the progression of F. novicida infection (SQ) in COX-2 knockout (KO) mice (Ptgs2 −/− ) compared with WT (C57BL/6) mice. COX-2 KO mice experienced a delay in clinical onset of disease and were significantly protected from lethal infection with F. novicida compared with wild-type controls (Fig. 3 D and E) . At 72 h.p.i., the spleens of COX-2 KO . Lipid levels were analyzed using one-way ANOVA for injection time points, *P < 0.05, **P < 0.01, ***P < 0.001 as given by bars, mice maintained intact white pulp (SI Appendix, Fig. S13 ). COX-2-dependent metabolic products aggravate the early phase of F. novicida infection and contribute to rapid lethality.
Three-Dimensional Reconstruction of the Host-Pathogen Interaction.
To illustrate the complex interface between host and pathogen lipids, we reconstructed the host-pathogen interface using 3D MSI. Recent advances in high-speed (49) and high-spatial resolution MALDI-MSI facilitated 3D imaging and subsequent volume renderings of infected spleens. Using the white pulpexcluded lipid A signature and the white pulp-biased SAPI signature, we reconstructed the host-pathogen molecular interface. Spleens from F. novicida-infected animals (48 h.p.i.) were serially sectioned, SAPI/lipid A were codetected in negative ion mode using an ultra-high speed MALDI-TOF, and the images were rendered into 3D volumes. Cutaway views of the 3D volume rendering (Movie S1) demonstrate the extent of lipid A exclusion to the red pulp (green, Fig. 4 ) that extends the length and width of the tissue. SAPI signal (red, Fig. 4B ) is present throughout multiple, reconstructed white pulp nodules. In an organized white pulp nodule (36 h.p.i., Fig. 2A ) reduction of SAPI was observed in the center of several nodules corresponding to germinal centers, suggesting lower SAPI abundance in lymphoid cells. At 48 h.p.i., the distribution of lipid A completely encircles the white pulp (Fig. 1A) ; therefore, the edge of lipid A signatures clearly outlines the edges of the white pulp. Using this marker, there are several lipid A-annotated white pulp nodules with low peripheral (marginal zone) SAPI abundance. SAPI depletion in the marginal zone, an area dedicated to phagocytosis and transition from red-to-white pulp, suggests stimulation and AA release in the resident antigen-presenting cells.
Discussion/Conclusion
We have directly mapped a known bacterial virulence factor by MSI, in vivo. Before this work, MSI studies in infection models have focused on molecules involved in the host response. These results presented here underscore the role of lipid-mediated inflammation in propagating severe pathology in a bacterial infection. F. novicida infection results in the sharp induction of the proinflammatory lipid mediator PGE 2 , resulting in the free and replenished cytosolic AA pool. SAPI and other AA-containing phospholipids serve as an important cellular reservoir for the upstream COX-2-mediated precursors of PGE 2 , a result of F. novicida infection that can be visualized at the first step using MSI (Fig. 2A) . Using 3D molecular imaging (SAPI/endotoxin), we defined the hostpathogen interface, used it to illuminate an organized immune response, and defined a role for SAPI depletion as a biomarker for lipid-involved inflammation in tissues. These studies simultaneously map an established bacterial virulence factor (F. novicida lipid A) with a host lipid inflammatory precursor (SAPI) for use in identifying and defining molecular mechanisms of bacterial pathogenesis.
Materials and Methods
Expanded methods are available in SI Appendix.
Bacterial Strains and Growth Conditions. F. novicida strain U112 wild type was cultured on tryptic soy broth or agar containing 0.1% L-cysteine supplementation at 37°C and with 225 rpm orbital shaking, where applicable. The mutant strain F. novicida ΔlpxD1 (9) was cultured under the same conditions in the presence of kanamycin at 20 μg/mL.
Mouse Infections and Tissue Collection. Adult female C57BL/6 and Ptgs2 −/− (COX-2 KO) mice received a subcutaneous dose of 300 cfu (wild-type F. novicida) in 50 μL sterile PBS. Infections with F. novicida ΔlpxD1 were performed as above with a dose of 5.5 × 10 6 cfu. Following carbon dioxide narcosis and thoracotomy, spleen and blood were collected. Bisected spleens were either snap frozen on liquid nitrogen or formalin fixed for 18 h, then snap frozen and stored at −80°C for imaging experiments and RNA extraction. Blood was collected in tubes containing 10% (by volume) citrate buffer as an anticoagulant and serially plated for cfu enumeration. Whole spleens were homogenized in 1 mL PBS and serially plated for cfu Fig. 1 and SI Appendix,  Fig. S4 ). Red: m/z 885.6, identified as SAPI (Fig. 2 and SI Appendix, Fig. S6 ). Intensities are optimized for 3D view and for fidelity to 2D images (Movie S1).
enumeration. All studies were performed under humane guidelines approved by the Institutional Animal Care and Use Committee at the University of Maryland Baltimore.
Mass Spectrometry Imaging. For 2D MALDI-TOF images, fresh frozen spleen was sectioned at 10-μm thickness and at 13 μm for both 2D MALDI-Fourier transform ion cyclotron resonance (FTICR) and 3D MALDI-TOF images. All sections for MSI were heat-mounted to indium-tin oxide (ITO) slides, desiccated, and spray coated with norharmane (NRM) matrix using a Bruker ImagePrep (for 2D MALDI-TOF) or a SunCollect Matrix Sprayer (for 2D MALDI-FTICR and 3D MALDI-TOF images). Matrix mixtures consisted of 12 mg/mL NRM in 2:1:0.5 parts chloroform:methanol:water for lipid A imaging (23) or 10 mg/mL NRM in 1:2:0.5 parts chloroform:methanol:water for phospholipid imaging. Two-dimensional MALDI-TOF and FTICR images were captured at 75 μm rastering, whereas the 3D reconstruction was performed at 20 μm rastering. All images were normalized to total ion current (TIC).
Quantitation of Eicosanoid and Phospholipids. Extraction and quantitation of PLs and eicosanoids were performed according to previously published methods (50) . Results were normalized to protein content in the aqueous fraction of the lipid extraction using the bicinchoninic acid (BCA) assay according to manufacturer's instructions (Thermo Scientific Pierce).
RNA Extraction and Quantitative RT-PCR. RNA was extracted from spleens using the TriZol extraction method according to manufacturer's protocol (LifeTech). Comparative fold changes were determined using the ΔΔCt method and bacterial transcript abundance was evaluated using the copy count method. Primers corresponsing to F. novicida genes were designed using the RealTime PCR Design Tool (IDT).
